Abstract-Given the exponential proliferation of mobile devices and broadband services, there is a pressing need to amalgamate multiple technologies accommodating infrastructural changes for meeting the ever-increasing demands of user capacity. Therefore, in this paper, we propose the integration of proximity-based direct device-to-device (D2D) communication with the network densification concept. In this paper, we consider user-centric nonoverlapping clusters associated with the closest access point for serving user equipment (UE) in the downlink under limited availability of orthogonal resource blocks (RBs), while the D2D links also reuse these downlink RBs. We analytically derive the coverage probability as well as the average transmission rate of D2D links under the proposed model, which results in a complex interference scenario. The performance results verify that our analytical results closely match with simulations for different parametric settings. The impact of the presence of D2D links on the coverage probability of the UEs is also quantified, revealing that the UEs' performance is only modestly affected under the proposed system model.
I. INTRODUCTION
I N ORDER to meet the continuing upsurge of data traffic spurred by the proliferation of wireless services, future wireless networks should support an increased capacity, whilst improving the energy efficiency, cost and spectrum utilization. Hence, future cellular wireless networks are expected to rely on a mixture of different technologies whilst readily accommodating infrastructural changes for supporting the escalating tele-traffic demands. The different technologies to be accommodated include, but are not limited to device-to-device (D2D) communication, massive machine communication, ultra-reliable communication, network densification [1] - [3] etc. The integration of D2D communication and the concept of network densification would present a new paradigm shift for future networks with the aim of increasing the capacity and energy efficiency of radio links as well as enabling a better exploitation of the under-utilized spectrum.
On one hand, D2D communication enables a pair of closely located mobile users to establish a direct link for their user plane traffic without going through the entire network infrastructure, while reusing the spectrum allocated for traditional cellular communication, thereby offloading the backhaul traffic and enhancing both the energy-and spectral-efficiency [4] , [5] . However, D2D communication underlaying cellular networks will bring about many new challenges, including sophisticated interference management due to the co-existence of different traffic patterns, different spectral bands and diverse user densities in the network etc. Hence, recent research activities have been devoted to investigating the potential of D2D-based cellular networks [6] - [9] .
The seminal studies on D2D in [10] - [15] were focused on the performance of D2D communication underlaying cellular network, where the Poission point process (PPP) was used to model the spatial structure of D2D users and base stations (BSs). Moreover, the research works such as [4] , [5] , [7] , [8] considered a single-tier network where a single base station (BS) transmits data to the UEs in the downlink, with a D2D underlay. In all these works, the D2D users are not modelled as PPP.
On the other hand, network densification [16] , [17] is a combination of spatial densification (increasing number of antennas per node and access points/user density) and spectral aggregation resulting in improving spatial reuse as well as network capacity. Since the network densification introduces changes in the definition of networks in liu of density of APs, users and spectral resources, there are bound to be impact of this over the communication and thus has been analysed in literature [18] - [24] .
Explicitly, Sheng et al. in [18] , investigated the influence of network densification on the coverage probability (CP) and area spectral efficiency (ASE) of the downlink cellular network. Contrastingly, authors of [20] and [24] considered the practical path loss model incorporating both line-of-sight (LoS) and nonline-of-sight (NLoS) transmissions for analysing their impact on CP and ASE of the downlink and uplink of dense small cell 0018-9545 © 2019 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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networks (SCNs), respectively. Furthermore, in [22] , authors incorporated channel models relying on LoS/NLoS propagation as well as using both bounded path loss model and the dominant BS based approach for deriving the conditional distributions of inter-cell interference in the dense network. Shojaeifard et al. [19] used stochastic geometry theory for developing an analytical framework for identifying the most energy efficient deployment framework meeting certain minimum service criteria where load-awareness was explicitly embedded in the dense cellular network design. On the contrary, considering user centric adaptive clustering approach authors in [21] investigated the performance of coordinated multi-point transmissions in dense cellular network. The impact of BS idle mode capacity on the performance of dense multi-tier heterogeneous network was analysed in [23] when the BS density exceeds the UE density. Against this background, we consider the downlink of a twotier hybrid dense network (DenseNet) consisting of densified APs supporting multiple UEs that are associated with the closest AP and underlay D2D links which reuse the spectral resources of the DenseNet. Since we consider limited spectrum availability for downlink transmissions in a DenseNet, in order to serve the UEs, the spectrum is reused by the APs to support all the UEs as well as by the D2D links for their direct communication. This integration would present a sophisticated system, where the UEs would suffer from the interference imposed by D2D communication as well as by the other UEs served in co-channel bands and vice versa. There is a paucity of research on DenseNet incorporating underlaid D2D links except the work in [25] . Poulakis et al. [25] investigated the impact of network densification on D2D communication in the context of radio resource management of multi-cell system. However, it carried out the system level simulations for uplink throughput without representing any analytical expression.
Unlike [10] - [15] , in this treatise, the spatial structure of the D2Ds or the APs or the UEs are not modelled as PPP for studying the effect of number of APs/UEs/D2Ds on the performance of the system. Till date, there has been no work that derives expression for coverage probability/rate for such a Control/User split architecture. This motivates us to investigate the D2D enabled DenseNet system by analysing both the coverage as well as the rate of D2D links, when the coverage environments differ from the conventional cellular networks. Our expressions are simple and involve only numerical evaluation of simple mathematical functions and can be directly used to study the variation in the coverage probability with respect to the number of APs/UEs/D2Ds or the number of resource blocks (RBs).
The rest of the paper is organized as follows. In Section II, our hybrid system model is presented, followed by the derivation of coverage, approximate coverage which significantly simplifies the complexity of the expressions and average transmission rate of the D2D links in Section III. Our quantitative analysis based on the approximate coverage and discussions are presented in Section IV. Finally, we conclude in Section V.
II. NETWORK MODEL
We consider a downlink two-tier hybrid DenseNet that consists of one macro BS (MBS) and densified multi-antenna APs that support multiple UEs as well as D2D links. These singleantenna D2D links reuse the downlink spectrum of UEs for their communication. For the sake of providing an improved data rate and service control, we adopt the Control/User (C/U) split architecture of [26] . In this architecture, extra APs are deployed in hotspot areas for providing the user plane and the MBS provides the network control plane for the cell. The MBS controls the UE handovers, the management of data transmission and the resource reuse by D2D links, while the APs are responsible transmitting data to UEs in the downlink. Thus, we consider only co-tier interference in our system, while ignoring the cross-tier interference. We assume that all APs, UEs and D2D links are uniformly distributed across a cell having a radius of R c and that the density of APs is comparable to or possibly higher than that of UEs, while the density of D2D links is comparable to that of UEs.
Since we consider a user-centric architecture, the MBS assists each UE to form a non-overlapping cluster by selecting the best AP, which employs Maximum Ratio Transmission (MRT) beamforming, as indicated in Fig. 1 . As a result of densely distributed APs, each UE is associated with its closest AP, termed as tagged AP. Each AP would either serve a UE in the DL or it is assumed to be inactive, if it is not tagged with any UE. All APs share the same spectrum, which is partitioned into multiple orthogonal resource blocks (RBs) . Considering that the orthogonal RBs are scarce relative to the density of UEs in a DenseNet, we assume that each RB can be allocated to multiple clusters, but each cluster is served by one RB. As seen in Fig. 1 , N = 2 orthogonal resource blocks are allocated to clusters serving UEs marked with UE 1 TABLE I  SYMBOLS USED FOR NETWORK PARAMETERS and UE 3 , while clusters for UE 2 and UE 4 reuse these RBs. Since we consider the density of D2D links to be similar to that of the UEs, the RB reuse would follow a similar pattern, where each RB is reused by multiple D2D links, while each D2D link can reuse at most one RB. Again, as shown in Fig. 1 , each RB is reused by 2 out of D = 4 D2D links. We assume a random allocation of RBs to UEs as well as for the RB reuse by D2D links throughout this treatise.
An illustration of the relevant transmission and interference patterns in our user centric DenseNet with underlaid D2D links is given in Fig. 1 . Each tagged AP creates interference for the UEs apart from its associated UE as well as for the D2D links that are reusing the same RB. On the other hand, each D2D transmission imposes interference on the DL communication of UEs and other D2D links that are transmitting in a co-channel RB, as clearly shown in Fig. 1 . The network parameters are defined in Table I .
The D2D communication is incorporated as a complement to the underlying DL communication and thus the UEs generally have a higher priority than the D2D links in a cell. The APs maintain reliable connection with the UEs under the power budget of p max c , while the D2D link reuses the randomly matched RB of the UE under the power budget p max d
. We assume that the D2D TX is at a distance x from the D2D RX, where x varies uniformly in [R 1 , R 2 ]. All possible transmission channels in the network are considered to be independent and identically Rayleigh distributed throughout this treatise. Since the system is interference limited, we define the SIR of the dth D2D link as:
where 
Similarly, we define the SIR of the k th UE served on the n th RB as:
where
i,k represent the interference imposed by the DL transmission of other UEs and D2D links respectively, that are served on the same RB. The variables r i,k and l i,k represent the distance from the i th D2D TX and the i th AP to k th UE, respectively.
III. COVERAGE AND RATE OF D2D LINKS
In this section, we will first derive the coverage probability of D2D links, followed by the rate analysis of D2D links.
A. Coverage Probability
The probability of successful communication between the source and destination is defined as the coverage probability. In other words, the probability of the D2D links possessing an SIR higher than the target SIR (T) is known as the coverage probability of D2D links. It is affected by the distance x between the D2D TX and the D2D RX, by the transmit power p d of the D2D link as well as by the interferences I ud and I d experienced at the D2D Rx due to the DL communication of UEs and the D2D communication operating on the same RB, respectively. Let us now derive the coverage probability of the D2D links.
Theorem 1: The coverage probability of a typical D2D link can be formulated as Eq. (4),
(5) Proof: See Appendix A for proof. It should be noted that our hybrid system provides an increased probability of line-of-sight transmission for both the UEs as well as for the D2D links owing to the close proximity of APs and of devices. Therefore, we considered the special case of the free space path-loss exponent of α = 2.
Corollary 1: When making use of Theorem 1, which provides the general integral expression for the coverage probability at a typical D2D receiver, it becomes possible to derive an expression for the coverage probability for the special case of α = 2, yielding: It is mathematically intractable to analyze (4) with respect to the number of RBs or UEs or D2Ds. To circumvent this problem, we make the following engineering approximation. If the distance between the transmitter and the receiver of the D2D links, given by x, is a uniform random variable between R 1 and R 2 and the variation R 2 − R 1 is extremely small compared to the cell radius R C , the pdf f X (x) of x is concentrated more around the average value
. This is true for any typical D2D link in a cell of large radius. Hence, for such smaller range of Tx-Rx distances, the outermost integral, which is with respect to x, can be neglected in (4) and x can be replaced by the averagex = . This implies that the approximate coverage probability for any α becomes: where
Mp dx
and
For the case of α = 2, we get a closed form approximation with
B. Average Transmission Rate
The ergodic rate of a TX-RX pair is given by [28] ,
Exploiting the fact that log 2 (1 + SIR) is a monotonically increasing function of SIR, we arrive at,
Thus, the average rate is equivalent to the coverage probability evaluated at T = 2 t − 1 and then integrated over t. The coverage of a typical D2D link, which is at a distance of l k,d and r i,d from the k th interfering AP and i th interfering D2D link is given in Eq. (4). Thus, the average rate of the D2D link can be obtained by substituting T = 2 t − 1 into Eq. (4) and integrating the result over t, yielding:
(10)
IV. SIMULATION RESULTS
In this section, the performance of the coverage and average transmission rate of D2D links underlaying the DL of a DenseNet is studied. We consider a circular cell of radius R c , where each of the L uniformly distributed APs employs M transmit antennas. All the K UEs are distributed uniformly in the cell and share N downlink RBs. These UEs form non-overlapping user-centric clusters with the closest AP. All the D D2D Rxs are uniformly distributed in the cell, while the D2D Txs are located at a distance x from their respective receivers. This distance x between a D2D pair is also uniformly distributed in [R 1 , R 2 ], while these D2D links reuse the underlying downlink RBs of UEs. Furthermore, all resource blocks are uniformly shared among the UEs and D2D links. In other words, if there are K UEs or D D2D links and N resource blocks, then the RBs Fig. 2 . Coverage probability of the D2D links when the number of available RBs vary. All the system parameters are summarized in Table II and , as given in Table II , respectively. Random mapping of the D2D links to the UE's RBs is assumed. All the simulation results are generated by 1000 Monte Carlo runs using the parameters listed in Table II , unless otherwise specified.
The coverage probability of D2D links is depicted upon varying the number of available RBs in Fig. 2 . First of all, it can be clearly seen that the analytical results closely match the simulations. As expected, upon increasing the target SIR, the coverage is decreasing owing to the severe interference experienced at the D2D Rx, resulting in its low SIR. It can be observed that upon reducing the number of available RBs, the D2D coverage is also reduced. This is because upon reducing the number of RBs, the number of UEs and D2D links reusing each RB is increased, which in turn means that there is an increase in the amount of interference experienced by the D2D Rx, hence resulting in a reduced coverage probability for the D2D links. To analyze the decrease in coverage probability, the approximate coverage probability evaluated using Eq. (7) is also plotted. Since, R 1 = 30 m and R 2 = 50 m and the variation in Fig. 3 . Coverage probability of the D2D links when the number of D2D links vary. All the system parameters are summarized in Table II and analytical results are obtained using Eq. (4). Here L = 800, while all the other system parameters are summarized in Table II and analytical results are obtained using Eq. (4). the distance between Tx and Rx of D2D is very small, the approximation is tight for all values of T . From the approximation plot, it can also be observed that, at any T , if the number of RBs N decreases to N 2 , then the coverage probability approximately decreases by a factor of
The impact of the number of D2D links as well as UEs on the coverage probability of D2D links is also analysed in Fig. 3 and Fig. 4 , respectively. It can be clearly observed from both figures that the D2D coverage is reduced upon increasing the number of D2D links or UEs. This is due to the fact that an increase in the number of D2D links or UEs implies that there is an increase in the number of interferers for a typical K N . However, it is interesting to note that the coverage reduction of D2D links is more substantial upon increasing the number of UEs than upon increasing the number of D2D links. The reason behind this trend is the higher power budget of APs reserved for supporting their down-link transmission, thereby generating a higher amount of interference compared to the low power budget of D2D links. In other words,
In Fig. 5 , the coverage probability of D2D links is presented as a function of the target SIR, T upon varying the number of transmit antennas at the APs. Again, our simulation results conform with our analytical results. Moreover, it is interesting to note that upon increasing the number of antennas at the APs, the reduction in coverage probability of D2D links shows a diminishing trend owing to the power normalization at APs.
In Fig. 6 , the coverage probability of D2D links is presented as a function of the D2D reuse factor D/N when the number of UEs vary from 100 to 300. This figure corroborates our observation that as D/N doubles (in other words as the D2D-traffic load doubles), the coverage probability approximately decreases by a factor of [CP D2D ] D N . Similarly, in Fig. 7 , the coverage probability of D2D links is reuse factor K/N when the number of D2Ds vary. From the figure, one can observe that the coverage probability approximately decreases by a factor of [CP UE ] K N as the reuse factor of the user (or the normalized user-traffic load) K/N doubles. Fig. 8 depicts the coverage probability of D2D links for the special case of α = 2. The analytical results are generated using Here L = 300, while all the system parameters are summarized in Table II and analytical results are obtained using Eq. (4). Fig. 7 . Coverage probability of the D2D links when the ratio K/N varies. Here L = 300, while all the system parameters are summarized in Table II and analytical results are obtained using Eq. (4). the simplified expression derived in Eq. (6). It can be clearly seen that the analytical results closely match the simulations. Here we have a different combination of the number of D2D links in system and of the number of available RBs, where D = 100, N = 50 performs best, while D = 200, N = 25 performs worst. This is because when a large number of RBs is available, the number of UEs and D2D links transmitting in co-channel RBs decreases, hence reducing the overall interference at the D2D Rx, thereby improving both its SIR as well as its coverage. On the contrary, with more D2D links in system, the number of interferers increase resulting in a reduced coverage probability.
Finally in Fig. 9 , the average transmission rate of D2D links is depicted as a function of the number of available RBs. Again, our Fig. 8 . Coverage probability of the D2D links for the special case of α = 2. All the system parameters are summarized in Table II and analytical results are obtained using Eq. (6). Fig. 9 . Average transmission rate of the D2D links when the number of available RBs vary. All the system parameters are summarized in Table II. analytical results conform with the simulations. It can be clearly observed that upon increasing the number of available RBs in the system, the average transmission rate of D2D links is increased owing to the reduced reuse per RB. Moreover, upon increasing the number of antennas at the APs, the D2D transmission rate is reduced owing to the increased interference inflicted upon the D2D Rx due to multiple transmission streams being generated by the co-channel APs however the trend is diminishing owing to power normalization.
V. CONCLUSION
In this treatise, we proposed D2D communication underlaying the downlink of DenseNet, when the UEs form user-centric non-overlapping clusters with the closest AP. This integration resulted in a significantly modified interference scenario experienced both by the D2D links as well as by the UEs. We analytically derived both the coverage probability and the average transmission rate of D2D links under the proposed network model. Moreover, we also provided simplified analytical results for the coverage probability of D2D links for the case of α = 2. We observed from the performance results that our simulation results confirm our analysis. Moreover, the performance results also revealed that both the coverage probability and the transmission rate of D2D links are improved, when more orthogonal RBs are available in the system, as well as when the APs employ small the number of antennas. Finally, the impact of the D2D links on the coverage probability of UEs was also studied, which revealed that the UEs coverage is only modestly affected by the presence of D2D links, when numerous antennas are employed by the APs.
APPENDIX A
The coverage probability of a D2D link is given by
Since the fading gain of the D2D link is exponentially distributed, i.e., g d,d,n ∼ exp(1), we get,
where we have
Substituting I d and I ud in Eq. (12), we obtain Eq. (14) .
By exploiting the independence of h i,d,n and h k,d,n , we can further simplify the above equation as
The Moment Generating Function (MGF) of an exponentially distributed random variable X with parameter λ is given by (1), we obtain
Therefore, the coverage probability of a typical D2D link can be formulated as:
The last equality is due to the fact that since the D2D and UEs are distributed uniformly,
are equal and 
. Similarly, the integral w.r.t l k,d from Eq. (4) when assuming l k,d = 2R c cos(θ k,d ) can be rewritten as:
and using Mathematica, we arrive at
and eq. (21) 
